concentrations, and these effects were greater during drought conditions. The results 35 demonstrate the importance of integrating physiological assessments into ecological studies to 36 identify stressors that have the potential to compromise the long-term survival of threatened 37 species, as well as the need to identify the resources required for their continued survival. 38 39
Introduction 41
In the future, climate change will be one of the major threats to biodiversity 42 worldwide causing many species and their habitats to experience shifts in their distribution or 43 cause extinctions (Parmesan and Yohe 2003; Williams et al. 2008) . It is predicted that global 44 temperatures will increase and climate extremes, such as drought, floods and heatwaves, will 45 increase in frequency (Allison et al. 2009 ). Terrestrial vegetation, and thus habitat quality and 46 resource availability for many species, will also be affected by climate change (Hughes 2003) . 47
It is predicted that changes in foliar chemistry due to elevated CO 2 levels will significantly 48 affect arboreal folivores (Kanowski 2001; Lunney et al. 2012 ; Moore et al. 2004 ). Climate 49 change predictions for Australia indicate that droughts and heatwaves will become more 50 frequent and intense, and moisture availability will decrease (CSIRO 2007) . 51
Habitat is often defined as the suite of resources (food and shelter) and environmental 52 conditions (abiotic and biotic) that determine the presence, survival and reproduction of a 53 population (Block and Brennan 1993; Hall et al. 1997) . Habitat selection by animals becomes 54 more specific when the quantity and quality of resources differ in space and time (Orians and organism's environment and, depending on their pervasiveness, magnitude and frequency, 64
can profoundly influence the fitness of individuals via costs to health, reproduction and 65 survival (Jessop et al. 2013 ). Ultimately, stressors can affect population viability, distribution 66 with information on physiological stress for the same conditions will further our 92 understanding of how climatic variables are impacting on populations. 93
The koala (Phascolarctos cinereus) is an arboreal marsupial folivore which feeds 94 almost exclusively on a limited variety of Eucalyptus, Corymbia and Angophora species. 95
Koalas are an ideal subject to study the effects of temporal variability in resources (such as 96 variability between drought and post-flood conditions) having a specialized diet and a need to 97 balance nutrient and water intake against plant secondary metabolites (PSMs) (Marsh et al. 98 2007; Moore and Foley 2005) . 99
Previous research within arid and semi-arid landscapes in western Queensland has 100 determined that the distribution, density, habitat preferences, home range sizes and Trailing-edge populations can be critical to the long-term survival of species because 115 they may contain individuals that can adapt to changing climatic conditions (Hampe and Petit 116 2005; Thomas et al. 2006 ). This enhances the need for detailed investigation of trailing-edge 117 populations, including detailed information on the feeding ecology of threatened species to 118 monitoring change over seasonal, annual and extreme climatic periods. Combining this 119 information with measurements of physiological stress will enable us to better understand 120 how environmental challenges (such as drought) impact on individuals and populations. 121
This study investigated the ecology and physiology of koalas at the trailing edge of 122 their range during drought and post-flood conditions to answer the question: Do climatic 123 conditions affect the diet composition and physiological stress of koalas at the range edge? 124
We hypothesized that during drought conditions the diet of koalas would consist mainly of 125 tree species that are known to have high leaf moisture, such as river red gum (Eucalyptus 126 camaldulensis) and cortisol levels would be higher, while post-flood diets would be more 127 varied and cortisol levels lower. We hypothesized that season and temperature would also 128 influence cortisol concentrations. We also hypothesized that cortisol concentrations would 129 decrease as the availability of tree species known to have high leaf moisture increases. To test 130 these hypotheses, we used faecal cuticle and FCM analysis from pellets collected during both 131 drought and post-flood conditions from sites in three different bioregions at the semi-arid 132 edge of the koala's range in southwestern Queensland, Australia, to assess diet and cortisol 133 concentrations. 134 135
Material and methods 136

Study Area 137
This study was conducted at the western edge of the koala's distribution in semi-arid, 138 southwestern Queensland. It incorporated portions of the Mulga Lands, the Mitchell Grass 139 Downs and the Brigalow Belt South bioregions (Figure 1 ) (Sattler and Williams 1999) . 140
Annual average rainfall ranges from 750mm in the east declining to 250mm in the west. Rain 141 falls mainly in summer and is highly variable. Winter rainfall is low in this region. (Figure 2 ). This drought broke in early 2010 with major flooding across the 146 region in March and above average annual rainfall (Figure 2) . 147
The Mulga Lands bioregion is dominated by flat to undulating plains and low ranges 148 supporting mulga (Acacia aneura) shrubland and low woodlands (Sattler and Williams 1999) . 149
The woodlands that dominate waterways and associated floodplains are predominantly Acacia 150 spp., poplar box (E. populnea), river red gum, coolabah (E. coolabah) and yapunyah (E. 151 orchophloia) (Sattler and Williams 1999) . 
Cuticle analysis 185
Diet analysis was carried out using microscopic analysis of leaf material and faecal 186 pellets according to the methods of Tun (1993b) and Ellis et al. (1999) . The mean size and 187 density of the stomatal complex (including guard cells) has been found to be a highly reliable 188 diagnostic characteristic to distinguish between tree species (Ellis et al. 1999; Tun 1993b) . 189
The number and arrangement of subsidiary and epidermal cells was also used to distinguish 190 species (Tun 1993a) . Results from previous studies suggest that even relatively infrequently 191 occurring fragments of tree species may be identified in faecal samples, and that for studies 192 that aim to determine the major dietary components of koalas, this procedure is likely to 193 provide a satisfactory level of precision for the analysis of the species composition of the 194
pellets (Ellis et al. 1999). 195
Tree species reference slides were obtained from another study conducted within the 196 same study area (Wu et al. 2012 ). Reference slides were scanned using a slide scanner 197 (Aperio Scanscope digital slide scanner) at x20 magnification. Scanned images of each slide 198 were examined using the ImageScope (Aperio) program at x20 and x40 magnification. Tubes were then centrifuged (1,500 rpm for 3 minutes), the supernatants poured off and the 207 tubes filled with water. This step was repeated once to wash out the sodium hypochlorite. 208
Samples were stored in 50% ethanol. Approximately 0.5ml of bleached material sediment 209 was stained with gentian violet and mounted under cover slips in glycerol. Slides were 210 scanned using a slide scanner (Aperio Scanscope digital slide scanner) as described above. 211
From each slide, 100 fragments were identified (cross-referenced with the reference slides) 212 and the frequency of occurrence of each species recorded (Sullivan et al. 2003b ). Each slide 213 was analysed using a systematic traverse system to avoid double counting (Ellis et al. 1999) . 214
Unidentifiable fragments were labelled as unknown. Examples of identified cuticles scanned 215 by the Aperio Scanslope digital slide scanner are provided in Appendix Figure A1 . 216 217
Cortisol extraction and analysis 218
The use of faecal cortisol analysis in the assessment of the activity of the HPA axis in 219 freshly collected koala faecal pellets has previously been validated using the methods 220 
Explanatory Variables 227
The explanatory variables included sex, climate data, tree availability, season and 228 location (Table 1) . Climate data from the Bureau of Meteorology (1990-2011) were examined 229 for the stations closest to each site (within the same bioclimatic region and < 30 km apart). 230
Minimum and maximum average temperatures were considered for each sample 231 corresponding to the day prior to sample collection to compensate for the excretion time lag 232 (Davies et al. 2013a) ( Table 1) . Season was also considered as an explanatory variable, and 233 was later classed as winter and other seasons combined. The composition of tree species 234 available at each site was also considered, based on the results of the vegetation surveys 235 conducted (Table 1) . Each site was also categorized by bioregion, catchment, basin, drought 236 or post-flood event, and season (Table 1) . 237
The tree distributions obtained from the vegetation surveys appeared to significantly 238 deviate from normal. Therefore, the tree distribution variables were considered in the analysis 239 as categorical. We categorized these variables by subdividing tree availability into two 240 groups: less than 10% present and greater than 10% present for river red gum, coolabah and 241 poplar box; and present and absent for ironbark (E. melanophloia) ( Table 2) . 242 243
Response variables 244
The response variables with regard to diet were obtained through the percentage of 245 each tree species in the faecal samples. The distributions of the response were significantly 246 non-normal. To achieve distributions that are close to normal, several steps were undertaken. 247
Firstly, we removed the ten observations from the Moonie basin from the analysis because 248 river red gum was absent at the sites surveyed in this region. Secondly, only faecal samples 249 with river red gum component greater than 20% were considered for the analysis. Without 250 these conditions, it was impossible to achieve normality of the distributions for the response 251 variables for the considered tree species in the collected faecal samples. We then used the 252 Box-Cox transformation approach (Box and Cox 1964) to find suitable power transformations 253 to achieve normality of the response variables. As a result, the diet variables for the river red 254 gum, coolabah and ironbark species needed the power transformations shown in Table 2 . 255
Poplar box appeared to be distributed normally and did not need transformation (Table 2) . 256
To investigate the impact of the climatic, diet and season parameters on physiological 257 stress in koalas, we considered the FCM concentration levels (in ng/g) in the collected faecal 258 samples as another response variable. To make this variable normally distributed, logarithmic 259 transformation was used. The Shapiro-Wilk test was used to verify the normality of 260 distribution of all the transformed response variables (Shapiro and Wilk 1965) . 261 262
Statistical methodology 263
The statistical analyses were conducted using the Stata statistical software package 264 and FCM concentration levels were identified and considered in detail, while non-significant 273 variables were omitted from further analysis. Robust errors used for data with small 274 deviations from normality (Huber 1967; White 1982) were calculated to accommodate such 275 deviations for the square-transformed river red gum diet component. The effect size was 276 calculated for each statistically significant explanatory variable. Using the multiple linear 277 regression models, the predicted diet components (together with the 95% prediction intervals) 278
were calculated for the four considered tree species, as well as the p-values for their 279 differences for the drought and flood conditions. 280 281
Results 282
Diet 283
Up to a third of the total variance of the considered diet components can be explained 284 by the multiple linear regression models and explanatory variables (Table 3) (Table 3) shows that reduced 291 rainfall causes a reduction in consumption of poplar box. Similarly, the availability of 292 coolabah causes a reduction in consumption of river red gum and ironbark with ~ 17% and ~ 293 16% of the total variances of these transformed diet components being explained by coolabah 294 availability (Table 3 ). In particular, this demonstrates that the availability of the coolabah 295 species plays a particularly important role in the composition of the koala's diet. However, 296 the availability of coolabah does not have any statistically significant impact on the 297 consumption of poplar box (Table 3) , which is affected only by the drought condition 298 (negatively) and availability of ironbark (positively). 299
Other explanatory variables (Table 1) that are not presented (Table 3) Table 4 and Figure 3 show the diet composition for the drought and post-flood 307 conditions. The coolabah diet component significantly decreases when switching from 308 drought to post-flood conditions, which reflects the positive direction of the drought impact 309 on consumption of coolabah (Table 3 ). The poplar box and ironbark diet components 310 significantly increase in post-flood conditions (Table 4 and Figure 3 ), reflecting the negative 311 direction of the drought impact on these diet variables (Table 3) . However, the river red gum 312 diet component is not significantly impacted upon by the rainfall conditions (Tables 3 and 4) . 313 314 Table 5 and Figure 4 show the effects of the drought conditions, coolabah availability 316 and season conditions on the FCM concentration levels for the linear regression with the log 317 (FCM) as the response variable. Only coolabah significantly reduces the FCM concentration 318 levels (Table 5 and Figure 4a) . Note that the sum of the effect sizes for the three explanatory 319 variables in Table 5 exceeds the corresponding value for R 2 = 0.176 for this model, because 320 these variables are not independent of each other. All explanatory variables that are not 321 presented (Table 5) 
Faecal Cortisol Metabolites 315
did not have statistically significant effects on the FCM concentration 322
levels. 323
Post-flood conditions also resulted in a significant reduction of the FCM concentration 324 levels (Table 5 and Figure 4b ), while the winter season was associated with significantly 325 higher FCM concentration levels. 326
Reductions of the FCM concentration levels were also seen with increasing minimum 327 temperature (Table 6 ) where this variable was used instead of season (the use of both season 328 and minimum temperature in the same linear regression is not possible due to their 329 colinearity). The dependence of the FCM concentration levels on minimum temperature 330 appears significant for both drought and post-flood conditions. Once again, only the 331 availability of coolabah has a significant impact on the FCM concentration levels at minimum 332 temperature (Table 6 ). As with Table 5 , the sum of the effect sizes for the three statistically 333 significant explanatory variables in Table 6 exceeds the value of R 2 = 0.185 for the model, 334 which again indicates that the explanatory variables in Table 6 cannot be regarded as 335 independent of each other. 336 337
Discussion 338
The foraging of arboreal mammals in the semi-arid environments of Australia's 339 been proposed that in dry environments, or during drought, water rather than leaf nutrients 346 influences tree selection by koalas (Melzer and Lamb 1996; Munks et al. 1996) . We found the 347 composition of river red gum in the diet of southwestern koalas were consistent during both 348 drought and non-drought conditions. A previous study in southwestern Queensland In arid landscapes, changes in dietary composition during good conditions may reflect 373 opportunistic breeding cycles. For example, the increased consumption of poplar box, that has 374 higher total nitrogen and lower total phenolics, may be beneficial for pregnant or lactating 375 female koalas, and breeding increases during good conditions (ND -personal observation) . 376
On Phillip Island, Tasmanian blue gum (E. globulus) and manna gum (E. viminalis) that had 377 higher concentrations of nitrogen and lower concentrations of PSMs were visited more by 378 koalas than were other tree species (Moore and Foley 2005) . This points to a mechanism 379 whereby foliar chemistry may influence koala distribution and numbers (Moore and 
Conclusions 446
By using a multidisciplinary approach, including physiology and ecology, information 447 gained from this research can be employed by land managers to develop effective 448 management strategies to ensure the long-term persistence of koala populations in western 449
Queensland. We examined the influence of climate (drought, temperature and season) on both 450 
